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Preface 


M 

This  thesis  was  undertaken  to  dewelop  a slaple  method  for 
calculating  damper  winding  reactances.  Many  engineers  haws  published 
papers  developing  and  presenting  methods  for  calculating  the  reactances 
of  the  synchronous  machine,  however  these  papers  are  written  for  the 
engineer  who  Is  an  expert  in  this  field.  These  methods  require  the 
calculation  or  knowledge  of  fluxes,  Induced  currents,  voltages  and/or 
other  factors.  This  thesis  reduces  these  methods  to  equations  relating 
back  to  machine  geometries  only,  allowing  anyone  with  the  geometries  to 
calculate  the  damper  winding  reactances  of  the  machine. 

I would  like  to  thank  Dr.  F.  Brockhurst  for  his  patience  and 
guidance.  I would  also  like  to  thank  my  wife  for  her  guidance  In  the 
area  of  grammer  and  phraseology,  and  her  tolerance  of  me  during  the 
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Abstract  | 


A sat  of  aquations  for  calculating  tbs  raactanca  and  raalstanca 
of  aTnchronous  ucblna  danpar  windings  la  dswalopad  and  presented* 

The  final  equations  are  in  terns  of  aachlne  geoae tries,  allowing  the 
user  to  calculate  Ispedances  without  knowing  fluxes, induced  currents 
or  woltages. 

The  derlTStlon  of  this  set  of  equations  is  based  on  the  sethod 
developed  by  K.  E.  Talaat.  In  this  derivation,  equations  for  currents 
and  induced  voltages  are  developed,  and  then  reduced  to  Impedance  ratios 
in  terns  of  machine  geometries  only.  From  these  ratios  the  reactances 
and  resistances  are  found. 
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I.  Introduction 


Bnckjcround 

A eonaldorabla  amount  of  publication  has  been  preaented  In  the 
area  of  calculating  the  performance  of  aynchronoua  machlnea  both  In 
tranalent  and  ateady  atate  condltlona.  Scattered  throughout  thla 
literature  are  aectlona  developing  the  reactancea  of  the  aynchronoua 

I 

machine  and  how  they  relate  to  the  aforementioned  condltlona.  The 
flrat  major  article  in  thla  area  waa  written  by  C.  J.  Fecbbelmer  (Ref  4) 
on  aelf-a tar ting  aynchronoua  motora  In  1912,  and  waa  uaed  aa  a baala  for 
a number  of  papera  through  the  late  1920 'a  and  early  1930 'a. 

Through  thla  period  most  of  the  work  waa  done  In  the  area  of 
atartlng  performance.  Two  papera  which  deal  with  reactancea  and  how 
they  relate  to  atartlng  performance  are  by  H.  V.  Putman  (Ref  14)  and 
T.  M.  Llnwllle  (Ref  9)*  Artlclea  pertaining  directly  to  the  reactancea 
of  aynchronoua  machlnea  from  thla  time  period  are  more  difficult  to  find, 
but  a few  Include  papera  by  F.  L.  Alger  (Ref  1)  and  L.  A.  Kilgore 
(Ref  7)  and  a paper  on  the  theory  of  aynchronoua  machlnea  by  R.  H.  Park 
(Ref  13). 

Since  the  middle  of  the  1930 'a  there  haa  been  a decreaae  In  the 
amount  of  publlahed  work  In  thla  area,  however,  a large  portion  of  what 
haa  been  publlahed  haa  been  directly  relevant  to  the  reactance  of  the 
aynchronoua  machine.  G.  C.  Jala  (Ref  6)  and  C.  Concordia  (Ref  2)  have 
written  hooka  dealing  completely  with  the  aynchronoua  machine,  while 
A.  S.  Langadorf  (Ref  8),  M.  Llwachltz-Garik  (Ref  11,  Ref  12)  and  othera 
have  devoted  aectlona  of  their  booka  to  thla  aubject.  Artlclea 
publlahed  during  thla  time  Include  one  by  H.  C.  DeJong  (Ref  3)  on  the 


1 


•tartlng  performane*  of  synchronous  sotors  and  two  by  H.  S.  Talaat 


rr- 

(Rsf  1$,  Ref  16)  dsallng  directly  with  synchronous  machine  reactances. 

Problem  Statement 

Tor  the  synchronous  machine  design  process  It  Is  necessary  for 
Air  Pores  Aero  Propulsion  Laboratory,  High  Power  Branch,  to  be  able  to 
ealottlate  the  damper  winding  reactances  for  warlous  machine  geometries.  j 

i 

This  would  then  become  a part  of  their  Iterative  design  process  used 
with  alternating  current  machines.  Presently,  however,  there  Is  no 
simple  way  of  calculating  the  reactances  of  the  damper  windings  unless 
one  Is  extremely  familiar  with  the  literature  In  this  field. 

This  thesis  presents  an  easy,  straightforward  method  of  developing 
and  calculating  these  reactances  from  machine  geometries. 

Assumptions 

1.  Saturation,  hysteresis  and  eddy  currents  are  neglected. 

2.  The  space  distribution  of  the  mmf  by  the  armature  winding  Is 
sinusoidal. 

3.  Symmetry  Is  assumed  about  the  center  of  the  rotor  pole  and 
armature  winding. 

i th  nd 

A.  Assume  only  the  0 and  2 permeance  harmonics  are  present 

nd  1 

and  the  magnitude  of  the  2 harmonic  of  armature  self  and  mutual 

Indhotance  are  equal. 

3.  The  variation  of  the  mutual  Inductances  between  any  armature 
phase  and  the  rotor  circuit  with  respect  to  the  rotor  position  Is 
slnusoldsl. 

6.  Reactances  of  the  rotor  circuits  are  Independent  of  the  rotor 
position. 
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7.  The  effective  eraature  winding  flux  linkages  are  produced  by 


the  fundanental  eonponent  of  the  air  gap  flux  density. 

8.  The  end  rings  are  continuous  and  no  daaper  bar  slot  openings 
face  the  Interpole  space* 

Outline 

The  object  of  this  thesis  Is  not  to  develop  new  and  unique 
equations,  but  rather  to  use  material  previously  presented  In  the 
literature  to  develop  a simple  method  for  calculating  the  reactances  of 
the  damper  windings.  The  dsvalopment  of  the  damper  winding  reactance 
equations  Is  presented  In  Chapter  II.  This  development  uses  basic 
principles,  allowing  the  reader  to  Tinderstand  the  derivation  of  these 
equations.  References  are  also  provided  for  further  clarification. 
Chapter  III  then  presents  the  equations  developed  In  Chapter  II  In  a 
logical  order  for  calculating  the  reactances  from  machine  geometries. 

The  appendices  contribute  to  the  material  covered  in  this  thesis. 
All  nomenclature  from  Chapters  II  and  III  Is  given  In  Appendix  A, 
Including  a separate  list  of  the  machine  geometries  necessary  for 
calculating  the  reactances.  Appendix  B presents  a computer  flow  chart 
and  EORTRAN  program  source  listing  to  calculate  the  reactances. 

Induded  In  the  source  listing  are  comment  cards  shoving  the  input 
order  of  the  machine  geometries.  Appendix  C presents  changes  necessary 
la  the  equations  to  calculate  the  reactances  of  the  daaper  windings 
referred  to  the  rotor  side. 


II.  EoiMtlon  DeT«loT>ment  for  Dm  per  Winding  Reactance 


There  have  been  aany  papers  published  on  the  reactances  and 
starting  performance  of  synchronous  machines,  but  unless  the  reader  has 
a clear  understanding  of  the  machines,  he  can  easily  become  lost  In  the 
theory  and  even  In  the  final  equations.  To  allsTlate  some  of  this 
confusion,  a straightforward  method  for  the  derelopnent  of  equations 
for  calculating  the  dMper  winding  reactances  from  machine  geometries  Is 
presented.  The  derelopment  of  the  equations  follows  the  method  developed 
by  M.  £.  Talaat  (Ref  15,  Bef  16),  with  clarification  from  other  authors. 

Calculation  of  the  Mmf  Due  to  the  Eoulvalent  Damper  Bar  Winding 
(Ref  15:179) 

Currents  of  equal  magnitude  and  opposite  direction  will  be  Induced 

In  any  two  dMper  bars  equidistant  froa  the  pole  center  by  either  the 

direct  or  quadrature  flux.  The  pair  of  dMper  windings  farthest  from 

the  center  of  the  pole  will  have  mazlauB  current.  Let  the  current 

Induced  at  90  electrical  degrees  froa  the  pole  center  be  given  as  I^. 

th 

The  current  Induced  In  the  n dMper  bar  pair  would  be 

^ th 

where  Is  the  electrical  angle  between  the  n pair  of  dMper  bars. 

The  fundMental  component  of  the  mmf  due  to  this  current  Is 


Mp  turns  per  pole  per  bar  pair.  The  resulting  mmf  due  to  all  dMper 
bar  pairs  Is 


4 


where  the  number  of  damper  bar  paira.  Replacing  in  Eq  (3)  by 


Bq  (1)  yields 


which  can  be  reduced  to 


Defining  the  uniform  damper  bar  eonrerslon  factor  as 


OdL  ’'•Oi  '«»/  V 


Eq  (5)  becomes 


If  the  damper  bars  aro  uniformly  spaced  and  if  the  number  of 


damper  bars  per  pole,  is  odd,  then 


+1 

b Dd 


•nd  C9) 

where  a(y  is  the  electrical  angle  between  two  adjacent  damper  bars.  If 


n.  iw  eren,  then 


e =(2V^)°'t. 


If  Eqs  (9)  and  (11)  are  substituted  into  Eq  (6)  and  this  finite  trig- 


onometric series  is  reduced. 


^ w."  tr 


where 


o _ s\n  r>b  ^b.  - A 
stnof^,  « 


for  ewen.  If  is  odd,  then 


Ih 


polM  (twle*  the  nuaber  of  pole  pairs),  k^la  the  aaf  reduetloa  factor 
dne  to  the  stator  winding  and  is  the  current  in  one  phase  of  the 
stator.  Equations  (7)  and  (21)  can  be  set  equal  to  each  other  and 
solved  for  a current  ratio,  since  the  ssf  due  to  the  rotor  and  the 
stator  Bust  be  equal: 


‘o,c"PV0-Aj 


(22) 


The  voltage  induced  in  the  rotor  by  the  "A"  phase  in  the  stator  is 

(23) 


A — 2TrfN  T. 


D«l 

while  the  voltage  induced  in  the  stator  by  the  rotor  is 

£ _ M£tLid,k  S 


(2A) 


where  is  the  direct  axis  rotor  breadth  factor.  Using  Eqa  (23)  and 
(2A),  a voltage  ratio  in  teras  of  nachine  geoBetrles  can  be  obtained 
because  the  ^'s  are  the  saae: 

Nk^ 


^Dd. 

Multiplying  Eq  (22)  by  Eq  (25)  will  result  in  an  Inpedance  ratio: 


(25) 


(26) 


The  total  direct  danper  winding  leakage  flux  is  given  by 


(27) 


where  is  the  equivalent  single  bar  leakage  peraeancs  and  t is  the 
9or9  length.  The  definition  of  reactance  is  flux  linkages  per  unit 
warrsnt,  hence 


= p kj  L 2 -t. 


and  the  eqalTalent  alngle  bar  laakaga  raaetanca  la 


. ^2m2^ 


Bafarrlng  Eq  (28)  to  tha  atator  alda  by  Eq  (26), 

PNd/»-V 

Following  tha  aaaa  proeadora  for  the  quadrature  axla. 


where 


/o* 


Referring  Eq  (31 ) to  tha  atator  aide  ylalda 


/o^p  A/o/n/1^^) 


The  flux  linkage  In  phaaa  **4”  due  to  the  currant  In  the  aqulwalant 
direct  axla  danper  winding  la  glwen  by 

The  ata tor-rotor  perBeanee  factor  la 

(35) 

where  D la  the  rotor  diameter,  la  tha  aqulwalant  gap  and  la  the 
ratio  of  the  fundamental  air  gap  flux  denalty  produced  by  a alnuaoldally 
dlatrlbuted  mmf , wboae  axLa  la  through  the  pole  center,  to  the  mmf  which 
would  be  produced  with  a uniform  air  gap  equal  to  the  effeetlwe  air  gap. 
Using  Eq  (22)  to  remowe  the  current  from  Eq  (34), 

^ V)  "'P  *’  • 

Following  almllar  procedure,  the  quadrature  reactance  la  glwen  by 


8 


^dDo  7o^ 


'dD<j^  /O*  P ^<^1 
Th*  ••If-reaetanee  of  the  eqalTalent  duper  winding  circuit  can 
be  calculated  In  the  sane  nanner  as  and  X 


(37) 


'LDa* 


X.  = 


aImlI 


l>\  10^ 


■txt/ 


A-.  wjo-ij 


DdJ- 


= +x. 


'iDa  ''LDa 

For  the  quadrature  axis 


(3«) 


y , 4n(NkJ 


’DO,  /o^p 


'■[''■'..•.fScil 


04.^ 


= x:u. 


eD^  ID. 


(39) 


Calcnlatlon  of  the  Equlralent  Resistance  (Ref  15:l8l) 

The  power  loss  In  the  danper  windings  can  be  expressed  as 


Pw.=  f t s'lrf  sin*  |l  i . . . ^ s,n’ 


(40) 


Vslng  Eq  (6)  to  reduce  the  finite  series  In  Eq  (40) 

Pc^  = 

and  using  Eq  (22)  to  replace  I 


^DdL  '^ba -^OdL  ^ ^ ^ 


(41) 


oa 


p - y. 


(42) 


OlTldlng  by  Cp^  results  In  the  damper  winding  resistance: 


-^  = Rn.= 

‘ha 


(43) 


For  the  quadrature  axis 


n 


(44) 
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L*akJiS0  perneances  are  naually  ealeolated  by  deteralng  the 
IndlTldoal  leakage  pemeaneea:  slot  leakage  perseanee,  toothtlp 
perseance,  dasper  bar  pitch  pemeanee  and  end  ring  permeance;  and 
•tuning  then.  The  pemeanee  Is  ealeolated  for  the  reluctance  of  the  air 
and  copper  and  it  Is  assumed  that  the  reluctance  of  the  iron  Is  zero. 

The  pemeanee  of  path  1 In  Fig.  la  and  1b  Is 

,iir  (45) 

The  reaad.ndsr  of  the  bar  slot  leakage  pemeanee  reduces  to  the  factor 

.47r(0.4t)  (46) 

for  the  round  bar  in  Fig.  1b.  The  pemeanee  of  paths  2 and  3 In  Fig.  la 


is  calculated  as 


.^rr  (-^  + ) 


In  as  much  as  the  flux  distribution  through  the  damper  bar  is  parabolic. 


Fig.  1.  Slot  Leakage  Pemeanee 


r ^ ; ^ 


th*  paraaanc*  of  path  4 1> 


(48) 

Tha  tooth tip  laakaga  paraaanca  la  glvan  by 

(49) 

By  tha  Sehvars-Chrlatoffal  Transrora,  la  glran  aa  (Baf 

16:324) 

O.ZZBH  f 0.07<^(c-^  - ,ZS 

5 y 

(50) 

ahara  ^ la  tha  gap  onder  tha  pole  center,  la  tha  width  of 

a atator 

alot  and 

0-  = ( f ^ ^ )j 

(51) 

For  tha  quadratiuea  azla 

(52) 

where  la 

tha  width  of  a atator  tooth. 

Tha  laakaga  pameanee  due  to  tha  daapar  bar-  pitch  la  (Baf  16:32$, 

Baf  8:311) 

^ff  — ^ — 

(53) 

where 

7"  SI 

(54) 

Tha  laakaga 

pameanea  due  to  tha  and  rlnga  la  (Baf  16:323) 

,W  rir..  ^ 0,11  nn,  J 

[3  Ji  2 

(55) 

whara 

p 

(56) 

T - 

' P 

(57) 

and 

9 . cos 

(1-U 

(58) 

for  tha  dlraet  axis  and 
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Ep.'sa 


'b  b 

for  the  quadrature  axis. 


H)  --  C05  cos  k^coi  «»<t. 


(59) 


Reducing  Eqs  (45) • (48)  and  (49)  to  per  unit  length  and  combining 
terms,  the  leakage  permeance  in  the  direct  axis  is 

lik.1  , 2hi,->  \ . Ti 


'w=.w[^(f, 


■ 5b 


. 0.iZfr^I?^D'/„  cos  r^b*^h-Mueos°f^.^1 

n-kj  I] 


.n 

5m  ' 

^ j.  , 

(60) 

and  in  the  quadrature  axis 


t,t,o  5bi,i  b^i  5m  i U ) 


, 0.i2ir^D^D‘  / Tr(l  - Cos  cos  - k^gos 

mr^jep^  I KJ  ('t 

For  the  round  damper  bar,  replace  the  term  + Jlhi.  ^ 

with  the  factor  0.66. 

All  numerical  factors  are  girea  for  the  cgs  system.  To  eonrert 
all  reactance  equations  to  the  English  (inch)  system,  simply  multiply 
■qo  (35),  (60)  and  (61)  by  2.54  centime ters/inch. 


)] 


Calculation  of  the  Stator  Winding  Factors 

The  Distribution  Factor.  (Ref  8:183)  For  a full  pitch  winding, 
as  shown  in  Fig.  2a,  the  emf  due  to  the  colls  can  be  expressed  as 

= + (62) 
vhsre  S is  the  distance  between  slots  and  ^ is  the  number  of  slots. 
Equation  (62)  can  be  reducsd  to 


(63) 


where 


(64) 


12 


^ Is  the  Boaber  of  slots  psr  pols  per  phase,  m is  the  nusber  of  phases 


and 


^ =■ 


JL 

1 rr» 


(65) 


The  dlstrlbntlon  factor,  kj.  Is  the  ratio  of  to 


£i 


ir 

JL 

Ztr\Q 


(66) 


Slr\ 


the  Pitch  Factor.  (Ref  8:187,311)  The  pitch  factor  aust  be  used 
to  coapsBsate  for  the  partial  pitch,  since  not  all  slndlngs  hare  180** 
pitch  (see  Tig.  2b).  This  correction  factor  is  glTen  by 


13 


wh«r«  W !•  the  stator  polo  width  and  'T'  is  ths  rotor  polo  pitch. 

Ths  Skew  Factor.  (Ref  8:194)  The  effect  of  the  stator  winding  Is 
rsdncsd  by  skewing  the  winding  (see  Fig.  2c).  This  factor  is  giren  by 

sin 

where  Y Is  the  stator  skew  and  Is  the  rotor  pole  head  length. 

(lalcwlation  of  the  C and  C Factors  (Ref  5r197,219,223) 

*<11 

Calculation  of  and  C ^ are  done  by  curre  fitting  from  flux 
plots  (Ref  17): 


(69) 

and 

where 

(70) 

(71) 

with  o(  being  the  ratio  of  pole  are  to  pole  pitch. 

For  a constant  air  gap 

^ _ crfr  + s’.n  «<7r 

(72) 

and 

n“ 

(73) 

while  for  a 

sinusoidal  air  gap 

(74) 

and 

(75) 

Calculation 

of  the  Damper  Windlna  Resistance 

The  resistance  of  a bar  is  given  as 


r 


1 


A. 


(76) 


vtaar*  P la  the  realatlTitj  of  the  aaterlal,  2^  la  the  length  of  the 

har  and  la  the  area  of  the  bar.  The  reaiatanee  of  the  equlraleat 
b 

and  rlnga  la,  by  areraging  the  reaiatanee  of  the  end  rlnga  between 
aaeh  pair  of  bare,  for  the  direct  and  quadra tore  azea,  la 


AI. 


DdL 


Ar 


and 


(77) 


where  7^^  la  the  pitch  of  the  n***  and  ring  circuit  and  la  the  area 
of  the  end  ring.  Theae  equatlona  for  the  direct  and  quadrature  axes, 
ualng  copper  aa  the  conductor,  beeoae 


(78) 


and 


r 


Nttii 

- 


eh 


7.38 


r Dd 


/O 


10 


(79) 


The  preceding  equatlona  were  deweloped  for  the  reactancea  of  the 
daaper  wlndlnga.  The  equatlona  hare  been  dewelopad  froa  aachlne 
woltagea,  currenta  and  fluzea,  but  the  final  equatlona  reduce  to  teroa 
with  aachlne  geoaetrlea  only.  Thla  conwerta  the  equatlona  to  taraa 
which  the  naer  can  handle  without  haring  a raat  knowledge  In  the  flelda 
of  alaetroaagnetlca  and  aachlnery. 
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III*.  Presentation  of  Daaper  Winding  Equations 


Chapter  II  dereloped  equations  for  the  calculation  of  the  daaper 
winding  reactances  referred  to  the  stator  side.  This  chapter  presents 
these  equations  in  terns  of  machine  geometries  in  a systematic  order  for 
calculating  the  reactances.  Equations  are  presented  for  uniform  and 
nonunlform  damper  bar  spacing,  as  well  as  for  round  and  rectangular 
daaper  bars. 

Kachlne  geometries  used  in  these  equations  are  in  terms  of  centi- 
meters. To  change  all  equations  to  inch  measurements,  multiply  Eqs 
(82) r,  (83),  (98)  and  (99)  ^y  2.34  cm/in  and  divide  Eqs  (109)  and  (111) 
by  the  same  factor. 


The  Equations 

The  equivalent  single  circuit  damper  bar  leakage  reactance  (from 
Eqs  (30)  and  (33))  1&  the  direct  and  quadrat''re  axes  are  given  by 

)(  - (80) 

and  Y — C>JL2"fTp  Ahq  (81) 

The  amplitude  of  mutual  reactances  between  the  stator  winding  and 
the  equivalent  single  circuit  daaper  winding  (from  Eqs  (36)  and  (37)) 


are  calculated  from 


/o' 3^ 


The  self-reactances  of  the  equivalent  single  circuit  damper 


winding  are 
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•Bd 


X =X  fX  ^ (39) 

DD^ 

Tlie  resistance  of  the  duper  windings  (fros  Eqs  (43)  and  (44))  la 


glTen  as 


bd 


(84) 

(85) 


Terns  from  the  prewlons  set  of  equations  are  listed  below,  with, 
If  necessary,  a reference  to  where  further  ewaluatlon  of  that  tern  can 
be  found: 

Stator-rotor  conaon  factor  Eq  (88) 

Equivalent  direct  axis  damper  bar  conversion  factor 
Eqs  (87),  (91),  (96) 

Equivalent  quadrature  axis  damper  bar  conversion  factor 
Eqs  (88),  (92),  (97) 

Direct  axis  pole  factor  Eq  (107) 

Quadrature  axis  pole  factor  Eq  (108) 

Stator-rotor  bore 
Supply  frequency 
Equivalent  gap  Eq  (104) 

Core  length  Fig.  5b 

Humber  of  poles  or  twice  the  number  of  pole  pairs 
Equivalent  direct  axis  damper  bar  resistance  Eq  (109) 
Equivalent  quadrature  axis  damper  bar  resistance  Eq  (111) 
Direct  axis  equivalent  single  bar  leakage  permeance 
Eq  (98) 

Quadrature  axis  equivalent  single  bar  leakage  permeance 
Eq  (99) 


ba. 

i 

'dt 


D 

9e 

-e 

p 

'^bd. 

s 
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Tb«  ata tor-rotor  eonuBon  factor,  which  la  uaed  In  all  tha  reactance 


eqnatlona,  la 


" P 


where 


L - 


^=-f¥r) 


m 


Teraa  need  In  the  ahowe  equations  are 

Stator  distribution  factor  Eq  (66) 

Stator  pitch  factor  Eq  (67) 

^ Stator  skew  factor  Eq  (68) 

S 

Botor  pole  head  length  Fig.  5^ 
iv^  Huaber  of  phases 

^ Number  of  stator  series  turns  per  pole  per  phase 
^ Number  of  stator  slots  per  pole  per  phase 
^ Stator  coll  width  Fig.  5a 

f Pole  pitch  Fig.  5* 

Stator  winding  skew  Fig.  5b 


Calculation  of  the  EqulTalent  Damper  Bar  Conversion  Factor 

From  Eqs  (7)  and  (16),  the  equivalent  damper  bar  conversion 


factor  can  be  calculated  as 
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FIs*  3*  Pitch  of  the  Damper  Bar  Circuits 


is  the  angle  between  two  adjacent  damper  bars. 

^ Odd.  For  n,  odd,  A^.  (from  Eq  (6))  In  the  direct  axis  is 
“O  b 


glwen  by 


where 


In  the  quadrature  axis 


A/  - 


"t] 


For  the  ease  of  uniform  damper  bar  spacing,  In  the  direct  axis  the 
equivalent  damper  bar  conversion  factor  is 


where 


- ■Sin  Sir>o<K 


while  for  the  quadrature  axis 


where 


^ ^ sin  nH°(h 


Calculation  of  the  Equivalent  Single  Bar  Leakage  Permeance 

The  equivalent  single  bar  leakage  permeance  in  the  direct  and 
quadrature  axes  is  given  by 

Ab^=.*/7rrK,AkJ  (98) 

where  = 'ih- 1 ^ + k bi  , hbx  \ ^ '^6  . Znt, 

^ ^ \**b1  •»b1 

for  rectangular  damper  bars  (Fig.  4a).  For  round  damper  bars 
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n«.  k.  Slot  Laakage  Permaanca  Factors 


Daflnlng  tha  aqxiatlons  for  K and  k , 

2A.  2^ 

1^  - n^or„-k^Coscr\  ^ 

^ mAP  (1-kJ  I J W 


(102) 


. _ .aTTo^D*  jir(l  -Coi5  npOfJ) 

fv^^P  I 


^ Cos  n,°fB-X..Co^°^bYA 


la  thasa  aquations 


b.t  Width  of  tha  daapar  bar  slot  Fig.  4a 

Of 

^bl  width  of  tha  daopar  bar  slot  opanlng  Fig.  4a  and  4b 

D*  Maan  dlasatar  of  tha  and  rings 

0 Rotor  dlasatar 

r 

Bar  slot  toothtlp  laakaga  parsaanca  In  tha  diraet  axis 
Kq  (50) 

F Bar  slot  toothtlp  laakaga  parsaanca  In  tha  quadratura  axis 
Iq  (52) 

^ Rqulralant  gap  Iq  (104) 

Dapth  of  daspar  bar  Fig.  4a 

K, . Dapth  of  daapar  bar  slot  opanlng  Fig.  4*  *nd  4b 

bSL 

A.  _ Dapth  of  anglad  sactlon  of  daapar  bar  slot  Fig.  4a 
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Depth  of  damper  bar  within  the  damper  bar  alot  Fig. 
Core  length  Fig.  3b 


0 Damper  bar  length 

b 

Rotor  pole  head  length  Fig.  3^ 

h 

0(  Average  angle  between  adjacent  damper  bare 

nd  k = 

b n.  5/n  or. 

D b 

Repeating  Eqa  (30),  (31)  and  (32)  from  Chapter  II, 


where 


=0.2284  15  ^^1-0-) 

cr  = :^rarcfar>(^)  - lo^Jl  i-  )) 

+0.3I83(-^) 


The  equivalent  gap  la  given  by 


(101») 


where 


p - * 


Width  of  the  atator  alot 


(103) 


(106) 


Width  of  the  atator  tooth 


Qap  under  pole  center 


a.  Stator  Rotor  aide  view 


sLier  StSaior 

U/nici/nj 

b.  Stator  Rotor  top  view 


Fig.  3*  Stator  Winding  Coefflelenta 
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Maximum  gap 

Fig.  5a 

Minimum  gap 

FiS.  5a 

r 

Pole  pitch 

Fig.  5a 

Pole  arc 

Fid-  5a 

Calculation  of  C . and  C . tba  Direct  and  Quadrature  Axes  Pole  Factors 

— — — 

^ • 

From  Eqs  (69) » (70)  and  (71) 


(107) 

(108) 

where  for  a uniform  gap 

ofir  + siooitr 

X, 

(72) 

''n= 

"L 

(73) 

and  for  a sinusoidal  gap 

h - ■^5tr\(!^Ccoa 

(74) 

..d  * = 

*\  3 tr  + -Si  r(f'fr)] 

(75) 

Calculation  of  the  Resistance  of  the  Damper  Bars 

Froa  Eq  (78)  the  resistance  of  the  damper  bar  and  end  ring  In  the 

direct  axis  is 


where 


r =r^— 


(109) 


(110) 
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Cro««-a»etlonal  area  of  iha  daapar  bar 
Crosa-aaetional  araa  of  tha  and  ring 
End  ring  aaan  dlaaatar 
Rotor  dlaaatar 

Jl  Langtb  of  tha  daapar  bar 

D 

A/  Ruabar  of  daapar  bar  elreolta 

ucL 

P RaalatlTltp  of  tha  daapar  bar  and  and  ring  aatarlal  (eoppar 
-10 

is  a«38  X 10  ohas-ea) 

T'  Pola  pitch 

T Pitch  of  tha  n^^  and  ring  circuit 

7^^  Pitch  of  tha  n^^  daapar  bar  circuit 
The  raslstanca  of  tha  daapar  bar  and  and  ring  la  tha  quadrature 
axis  (froB  Eq  (79))  la 


tf\ 


Ip 


(111) 


Equations  necessary  for  tha  calculation  of  daapar  winding 
reactance  and  resistance  rsfarrad  to  tha  stator  side  haws  bean  presented 
in  this  chapter  In  a systeaatle  order  for  oTaluatlon.  While  there  are 


aany  calculations  necessary  to  detaraine  tha  reactance,  they  are  all  in 
taras  of  aachina  geoaetrias  and  with  patience  tha  user  can  detaraine 
tha  raactanca  and  resistance  of  tha  daapar  windings. 


1?.  CoaelusioM  and  Reeooaendatlona 


‘i 


Equations  for  tha  calculation  of  the  damper  bar  reactances  and 
resistances  hare  been  dereloped  and  presented  with  reference  to  the 
stator.  All  equations  reduce  to  machine  geometries,  allowing  the  user 
to  ewaluate  the  reactances  without  knowing  flux  densities.  Induced 
voltages  or  currents  within  the  machine.  To  assist  the  user.  Appendix 
A contains  a list  of  nomenclature  from  Chapter  II  and  Chapter  III,  plus 
a list  of  all  the  machine  geometries  necessary  for  calculating  the 
equivalent  circuit  damper  bar- reactances,  from  the  eqiiatlons  in  Chapter 
III.  Appendix  6 presents  a computer  flow  chart  as  well  as  a FORTRAN 
source  listing  for  the  CTX:  6600,  with  a list  of  the  machine  geometries 
needed  to  calculate  the  reactances  and  resistances  of  the  deuaper 
windings.  Appendix  C presents  the  changes  necessary  to  convert  the 
the  reference  of  the  equations  from  the  stator  to  the  rotor. 

Areas  for  Further  Study 

Whereas  this  thesis  is  complete  in  amd  of  itself,  there  are 
some  areas  covered  in  the  literature  that  are  worthy  of  further  study; 

1,  Devise  a method  to  Incorporate  saturation  into  the  reactance 
equations. 

2.  Develop  equations  for  the  reactances  if  the  end  rings  are 
not  continuous. 

3*  Develop  equations  for  the  reactances  of  a synchronous  machine 
having  damper  bars  in  the  pole  head  tipe  with  slots  facing. the  inter- 
pole space. 

k-  Develop  equations  to  calculate  the  reactances  of  the  higher 
harmonics. 
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Appendix  A 


Honenclature 

Hote:  Some  terms  may  haee  an  additional  d or  q as  a subscript  referring 
to  the  direct  or  quadrature  axis. 

Cross-sectional  area  of  damper  bar 
b 

Uniform  damper  bar  conversion  factor 
D 

Cross-sectional  area  of  end  ring 

b . Width  of  damper  bar  slot 
b1 

Width  of  damper  bar  slot  opening 
Width  of  stator  slot 


Width  of  stator  tooth 


Stator-rotor  common  factor 


Equivalent  damper  bar  conversion  factor 
Urect  axis  pole  factor 


C f Quadrature  axis  pole  factor 
V 

D Stator-rotor  bore 

D'  End  ring  average  diameter 

Rotor  dlame  ter 

Voltage  Induced  In  rotor  by  "A”  phase 

Voltage  Induced  In  stator  by  rotor  equivalent  damper  winding 
Total  voltage  Induced  by  a winding 
Voltage  Induced  by  a coll 
•P  Supply  frequency 

F,,  Bar  slot  toothtlp  leakage  permeance 

cc> 

q Qap  under  pole  center 


^ oap  under  pi 

Equivalent  gap 
Maximum  gap 
A . Minimum  gap 


r 


} 


j 

.1 

■i 


ii 

Si 

it 

r; 

I 

[ 

I 

\ 

■'i 

,1 

i 

i 

'I 

:l 


;i 
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•i 


Depth  of  damper  bar 

Depth  of  damper  bar  slot  opening 

Depth  of  angled  section  of  damper  bar  slot 

Depth  of  damper  bar  within  the  damper  bar  slot 

Current  in  "A"  phase  of  stator 

Current-  in  squlwalent  damper  bar  circuit 

Current  induced  in  the  n^^  damper  bar  pair 

Sallencjr  coefficient 

Uniform  epaclng  equlwalent  damper  bar  conwersion  factor 

Rotor  winding  breadth  factor 

Stator  distribution  factor 

Stator  pitch  factor 

Stator  skew  factor 

Stator  winding  factor  (k.k  k ) 

* P 3 

Common  factor  in  the  direct  and  quadrature  permeance 

End  ring  plus  bar  slot  toothtlp  leakage  permeance 

Core  length 

Damper  bar  length 

Rotor  pole  head  length 

Humber  of  phases 

Mmf  due  to  current  in  stator  "A"  phase 

Mmf  due  to  equlTalent  rotor  damper  bar  circuit 

th 

Mmf  due  to  current  in  n damper  bar  circuit 

Humber  of  stator  series  turns  per  pole  per  phase 

Humber  of  damper  bars  per  pole 

Humber  of  damper  bar  circuits 

Humber  of  poles  (twice  the  number  of  pole  palre) 

Power  lose  in  damper  winding  per  pole 
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% 

^1 

a 


b 

r 

©n 


Humber  of  stator  slots  per  pole  per  phase 
Humber  of  stator  slots 

Leakage  factor  in  direct  and  quadrature  axes 
SqulTslent  single  bar  resistance 

Resistance  of  equivalent  single  circuit  damper  winding 
Resistance  of  the  end  rings 
Stator  coll  width 

Amplitude  of  mutual  reactances  between  the  stator  "A”  phase 
winding  and  the  equivalent  single  circuit  damper  winding — 
Rotor  side 

Amplitude  of  mutual  reactances  between  the  stator  "A"  phase 
winding  and  the  equivalent  single  circuit  damper  winding — 
Stator  side 

Equivalent  single  bar  leakage  reactance 

Self-reactance  of  the  equivalent  single  circuit  damper 
winding 

Equivalent  single  circuit  damper  leakage  reactance 
Ratio  of  pole  are  to  pole  pitch 

Average  electrical  angle  between  adjacent  damper  bars 

Amplitude  of  the  first  harmonic  divided  by  the  amp-turns  D.C. 

Distance  between  stator  circuits 

th 

Electrical  angle  between  n pair  of  damper  bars 
Stator-rotor  leakage  factor  ('O.S'TT 
Equivalent  single  bar  leakage  permeance 
Resistivity  of  damper  bar  and  end  ring 
Ratio  of  aaxLaum  gap  to  minimum  gap 
Factor  appearing  In 
Pole  pitch 
Pole  arc 

Pole  face  damper  winding  bar  pitch 
th 

Pitch  of  the  n end  ring  circuit 


(r^  o7d,) 
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Pitch  of  the  damper  bar  circuit 

Stator  pole  pitch  at  stator-rotor  bore  ('VTD/P) 

Pole  pitch  at  aTerage  ring  diameter  ^tTD^/P) 

Flux  per  pole 
Stator  winding  skew 

Flux  linkages  In  phase  "A”  due  to  current  In  the  equivalent 
axis  damper  winding 

Damper  winding  leakage  flux 


Machine  Geometries  Necessary  for  Calculating  Reactances  In  Chapter  III 
A.  Cross-sectional  area  of  damper  bar 

P 

Cross-seetlonal  area  of  end  ring 
b Width  of  damper  bar  slot 

b^  Width  of  damper  bar  slot  opening 
b^  Width  of  stator  slot 

b^  Width  of  stator  tooth 

D Stator-rotor  bore 

D'  End  ring  average  diameter 

Rotor  diameter 
f Supply  frequency 

^ Gap  under  pole  cSnter 

Maximum  gap 
a Minimum  gap 

y*nin 

h . DPpth  of  dupor  bar 

Dapth  of  damper  bar  slot  opening 

Depth  of  angled  section  of  damper  bar  slot 

Depth  of  damper  bar  within  the  damper  bar  slot 
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: 1 

J.  Cor*  length 

Jl  Deeper  bar  length 

P 

J,  Rotor  pole  head  length 

h 

rn  Number  of  phases 

N Number  of  stator  series  turns  per  pole  per  phase 

r\.  Number  of  damper  bars  per  pole 

b 

P Number  of  poles  (twice  the  number  of  pole  pairs) 

^ Number  of  stator  slots  par  pole  per  phase 

W Stator  coll  width 

or  ATerage  electrical  angle  between  adjacent  damper  bars 

P 

'X  Pole  pitch 

T Pole  arc 

! T Pitch  of  the  n damper  bar  circuit 

' 1 

h 

!i 


[i 

[I 

i , 


ll 

i! 

li 
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Appendix  B 
Coaputer  Progran 
Flow  Chart  and 
Source  Listing 
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Flow  Chart 
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Appendix  C 

ConTerxlon  of  the  Roforonco  of  tho  Equxtiona  frox  tho  Stator  to  tha  Rotor 
(HAf  6:171-175) 

Equatlona  In  tha  body  of  thla  thaala  wara  daralopad  with  rafaranea 
to  tha  atator,  but  thara  ara  tinaa  whan  It  la  naeaaaary  to  know  tha 
raaetanea  and  raalatanca  of  the  danpar  wlndinga  rafarrad  to  the  rotor. 
Using  tha  aqulaalant  winding  tuma  ratio  of  the  rotor  owar  tha  atator, 
tha  rafaranea  of  tha  aquationa  can  ba  eonwartad  to  tha  rotor,  Thia 


ratio  la 

where  la  the  atator  dlatrlbutlon  factor  Eq  (66) 
k,  la  the  rotor  winding  factor 

<lw 

la  tha  atator  pitch  factor  Bq  (67) 
la  tha  atator  akaw  factor  Eq  (68) 

N la  tha  nuabar  of  atator  serlaa  turns  per  pole  par  phase 
tha  nuabar  of  rotor  serlaa  turns  per  pole  per  phase 
(nuabar  of  rotor  circuits)  Eq  (90)  or  (94) 
in  la  the  niimbar  of  stator  phases 

la  tha  nuabar  of  rotor  phases  (2—  1 direct  and  1 quadrature) 
Tor  aquations  referred  to  tha  rotor,  tha  factor  froa  Eq  (86), 


baeoaas 


S mP 


(113) 


Tha  rotor  winding  factor  la  slndlar  to  tha  stator  winding  factor 
and  uses  Identical  daTalopaant  for  tha  rotor  distribution  and  pitch 
factors.  In  this  daTalopaant,  It  la  assuaad  thara  is  no  rotor  winding 


•kev,  although  if  noceeBary,  it  could  be  included.  Th*  rotor  distribu- 
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